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Abstract

The design of a high performance analog-to-digital converter (ADC) with a high
yield is an important research issue. An interesting approach is designing the ADCs with
the aid of some kinds of digital calibration'schemes. Such an approach benefits from the
low-power, high-resolution, high-speed, and portability features of digital circuits, while
the analog design can be much simplified by using the simplest circuits to achieve
low-power, high-resolution, and high-speed as well. This thesis proposes a digital
background calibration design that can accurately estimate and calibrate the linear and

the 3rd-order non-linear gain errors of the residue amplifiers in the pipelined ADC.

The proposed 12-bit 100MS/s digitally background calibrated pipelined ADC using
open-loop residue amplifiers was realized in TSMC 0mi8yixed-Mode RF CMOS
technology. The pipelined ADC consists of cascaded three stages. The former two are
the stages under calibration. Each of them has (3+1)-bit resolution and the nominal
gains of the residue amplifiers in them are all eight. The final stage is a 6-bit flash ADC.
The multiplying DACs in the stages under calibration are implemented using open-loop



topology. By employing an estimation method that can accurately estimate the linear
and the 3rd-order non-linear gain errors of the residue amplifiers and compensating
these errors in the digital domain, the pipelined ADC can be calibrated to achieve a high
SNDR even though the practical residue amplifiers have severe linear and non-linear

gain errors due to fabrication variations.

We added 10% linear and 10% the 3rd-order non-linear gain errors to the residue
amplifiers in the stages under calibration to verify the effectiveness of the calibration
scheme. The simulation results show that, the DNL and the INL of the ADC without
calibration are within 0.5/-1.0 LSB and 16.7/-16.7 LSB, respectively and the
SFDR=54.1dBc, SNR=46.2dB, SNDR=44.4dB, ENOB=7.1 bits. After activating the
calibration, the DNL and the INL of the-ADC are improved to be within 0.8/-1.0 LSB
and 0.6/-0.6 LSB, respectively and the . SFDR=94.5dBc, SNR=71.0dB, SNDR=71.0dB,
ENOB=11.5 bits. All the simulation results show that the proposed digital background
calibration design can significantly improve the ADC’s performances. Furthermore, the
power consumption of the ADC-is_71.2mW excluding the estimation and calibration

circuits.

The measurement results of the proposed 12-bit 100MS/s digitally background
calibrated pipelined ADC show that the ENOB of the ADC with and without calibration
are 5.3 bits and 4.1 bits, respectively. The ENOB is improved by 1.2 bits after activating
the calibration. The improvement is not as much as what the simulations show. The
main reason is that the calibration function used in this design is not linear. If the
backend ADC has some offset, then the calibration function can not provide accurate
data for the estimation block to estimate the gain errors of the residue amplifiers. It is

our future work to address this issue.
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RARESH T s FERLER - EETRAARRFIZ.EFEIFREL
Frii— Tl » L AFZFERY I LF Ut el D VR
i - @ Background Calibrationn= ;= Bl + itz B 4T > Fpt x> 3 F 0O
- BRYATAECF IR ZREZE A ECERE > P e R
BTN R Y BRESA R BB A e R R a2 K
FEP R OB LIRS P HF2 G o
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3
X1

’
AT =

]?‘_Iti"}éﬁ‘ /”Lr’?z\—r B i ‘g’f%_l_ﬁsb\%?'\i‘1’1‘393'”@#'%”"

oA BMATE G R R RE AN N g B

s 7 ¥& & (Calibration) %% {o % ip] (Estimation) %% 1= 2 2 j§ & 2 &

[0

2 Matlab i 88 5 75 ffilis % o

|4

FR- BEEF FREF - RABHEL D AR PR AR R

P I S

Wtz H SNE i £ (A 12-bit 100MS/s Digitally Background

Calibrated Pipelined’ADC using Open-Loop Residue Amplifier 7 & % & % 1

i

SRS 2 R B (Layout) s
ERFEE PEL TS ST PIET SR SRS 3 EL LR



$o% EFAECmReEEERA

2.1 ADC »zi; 2% %

A R R Bk L RGP 0 2 § R

S

o

# (Static Parameteps : {3247 & (Resolution) ~ # 4 2Ls 428 % ( Differential
Non-Linearity> DNL ) ~ % # 225 {22% 4 (Integral Non-Linearity INL ) ; 12 2 & i
%% (Dynamic Parameteps« : 5 ¥t 3231 (Signal-to-Noise Ratio SNR) ~ 3t
S¥tsei 2 4 2L (Signal-to-Noise and Distortion RattoSNDR) ~ F % i ~ #ic
(Effective Number of Bits ENOB) ~ & i3t 5L ik > &l ( Spurious-Free Dynamic

Range’ SFDR) -

2.1.1 Resolution

1247 & (Resolution) » - BN-bit f245 & g - B B & £ ch g ?ﬁ% N
41.“%%%] ot A6 A= 2V B (Level) k&7 > Flpt AP R g i

MELeh— B ) F4 (Least Significant Bit LSB) 7 %N s Bt B WL R T LSB

e 57 > 38 5 B4R (Normalized) 18 ends & #r0 £ 5 Hivdho & Ap il iz i 8

ST T UBLT R L S Vg (54 2.1) 0 B =RI5 RiF (Voltage)

Vo=l (2)

2.1.2 Differential Non-Linearity (DNL)

Z & 2tmi 24 (Differential Non-Linearity> DNL ) » — 3 32 {8 g Vb i #%
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BB R TG AT BRI TEAR > R R A7 L
F-12 8 > B 2-1 % ot — 1 3-bit 37t Hc i g i Benfg £ & s (Transfer Curve > 2 4
RERREAEASY R BAPETESY AT LB A PE PR a DNL 3P 3
FF BB TR S BT R A D £ - BV L T

M (58 22) 2 Bl2-24& 57

(Vactual ( it 1) ~ Vactua ( J)) ~Miss ( LS@ (2.2)

DNL( j)= v
LSB

actual

111 Ltransfer curve 2 Viss

—F

110+

05,5y
1014 N
1.5 VLSB ;

100 %)I* PINEN

011+ 1 1V
0.5 Visp

010+ ¢ —

1deal transfer curve

Digital Output

001+
000 4t >
0 1/8 1/4 3/8 1/2 5/8 3/4 7/8
Analog Input (Vref)
B 2-1 ADC## ¥ 57 % B
DNL
(LSB)
A
1+ .
0.5 + .
i + { i + { + » Code
000 001 o0l0o oIl 100 101 110 111
-05 + ] ]
1+

B 2-2 ADCz % A ztz {324 (DNL)7F 2 B



2.1.3 Integral Non-Linearity (INL)

R zEs e AL (Integral Non-Linearity INL ) > &7 e-8_F ¥ 5 vt Bl 4 4%
B RETEES Y AT L TN TE PR ETHRZF AT
BREfEERZH B TREZ FaiiL o FHRIVE 2-1 5 5P o INL 7 02 % (3

2.3) 2 B 2-3% 7 o

Viewa (1) =V,

|N|_(J)= actual actual ,min 'j (LSB) (23)

LSB

INL

(LSB)
A

1 +

05 + ° °

44— f— L= L Code

000 001 OIIO 011 100 101 110 111

054+ o “ e o

1 4+

B 2-3 ADCZ %224 (INL) 7 &

Gl A FAPATFRY | BRI NINL S R S LB S| PR

(2 DNL th % » 40 (£ 2.4) 47 o

INL(j)=iDNL(i) (LSB) (2.4)

2.1.4 Signal-to-Noise Ratio (SNR)

2 EU ¥ e 2 (Signal-to-Noise RatioSNR)» & £ &8 21 55 & &2 3221 (Noise)
HExzavE > F e b (decibels dB) k& 740 (58 25)> %&gm% 1R A
2B ATAA 2 b Re 73 0 £ (Quantization Noise~ #te3 (Thermal
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Noise) ~ P 3221 (Flicker Noise) ...5 » e 3+ 5 SNREFF T 3 & 3 B4 B4F

ik 4 4 £ (Harmonic Distortion ) »

SNR= 1@|093(Mj ( dE (25)

noise

A - B B RS B R AR

FOUFRAT R KR AR SUBLOR TR o A B a0k UL - i R
UL o AP R R R RV 0 RV #E 9 4 fest (White

VLSB

Noise) s34 5 &+ >

B 52— 23 & % 9% % % # (Uniform Distribution Random

Variable) » # # % % & & # (Probability Density Function) f, (x) 4@ 2-4 #77 -

fo(x)
© 1
VLSB
P X
! Vv iV
2 LSB 2 LSB

ok B #&;Lgv L E 4 (0 2.6) € FIRE E 5 0 Fpt ez s> 43 (Root

Mean Squarg &4 (% 2.7)

VLSB
1 j % x dx= 0 (2.6)

=" x0f, (%) dx=
I xOfy (%) dx Vi AV

Q avg

Viss %
Vo ms U X Of, (¥) d }%{éjvé S dx} =% (2.7)

A ps Tty *ﬁ;lx MEL L - 5Eok ¥ 4 g B (Peak-to-Peak) ¥

ref
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v
Hips g s —SL F)ptd b A5 F 0 de - BIEgE N-bit e b i e B

2RGSO T B IS Vo PP T @RI SNRiE e (54 28) ¢

noise Q,rms

2
V,
SNR, = 1@log | == |= 10 log| —ms
N R

ref

=200og,, VSZ\E :ZODogm(\EZ\‘J
LSB,
J12

SNR,, = 6.020N 1.76( dE (2.8)

2.1.5 Signal-to-Noiseand Distortion Ratio (SNDR)

MELE S 2 4 B2 (Signal-to-Noise and Distortion RatiocSNDR) { fic & e
TE T A o F Rl o Fl R H e R E 4o F B L BAR il 4

B > Tt 7 &k SNDR4e (54.2.9) #177 o

P.
SNDR= 1@j|og)($j (dB) (2.9)
noise harmonic
AP FRASE - BRI AT AN AR LA LE 5
BRMAAEAAF G- e Ao Fa JF AP EEe L KT AT

u—ﬁ;q [0S i e o= [ S A S| = (aQA/j fr(%A/j Hizs X o F M

SNDR fesgit ek B¢ 8- B 73 7 Lok oo S8cdth -

J(1)=a (Acode) (Aco@wa 4 Ackw)f+m
=a,(Acodw}) + 2

[ 3cdeo )t chsa [t
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2.1.6 Effective Number of Bits (ENOB)

7 »x i 7 #ic (Effective Number of Bits ENOB) ¥ 1z & p: 113t e i 3% B 7
%&ﬁéﬁﬁﬁaiﬁﬂﬁ&’ﬂw%ﬁﬁﬁ»_ﬁ%ﬂ%%ﬁ”&a@ﬁﬁ?
@ ek 4 SNRE (3% 28) Flptn e 973 e ok 4 £ % & ¢ SNDR B
(34 2.8) c7SNRnax’ I 7 T & D87 B3 BFEE F 347 R a0 4 T oeix

~fco e (54 2.10) -

ENOB:%6 (bits) (2.10)

2.1.7 Spurious-Free Dynamic Range (SFDR)

£ B3UELE & 4 7] (Spurious-Free Dynamic Rang&FDR) < & & 5Lt & <
B L (Spurious) ## F 2 1t @ 0 i@ 2 dBc (intdB with respect to carrier & %
A (3% 2.11) 0 B ELdg e AR ¥ (Power Spectrum Kf TOAMELE G B A
R BARPDRFEITRAETRALDOFETF 7 LRRFF

i’l'z—-ﬂf‘j\p’mﬁ'#g F R BRI A B g 2 o ol 2-5 975 o

Power Spectrum

20- B
Signal tone

a0k / SFDR il

Harmonic distortion

-60 ,

N\

Power Spectral Density (dBFS/bin)

0 5 10 15 20 25 30 35 40 45 50
Frequency(MHz)

Bl 2-5 EieAEE T R B
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P,
SFDR= 1QJlog, (#] (dBg (2.11)

spurious ,ma

2.2 Pipelined ADC /12 2 %

HRENEE S e B AR AF ZHEY PR R R S

ETREW PSEEEE - mehl BT~ B FRITR S
A B BT REE AP A - BAEY G REERD R AR R
B4R R AR R B R A YRR kAR i E 5 A
SR ESE A R EI AR EFERIPERA R ?E R AT L hicR] 260 L2

,

'Ei}klﬁﬁ%fi‘%\;i—[ﬂk = ¥4 ”Tyli-lj,?Fi%———FFuﬂg °

How to measure

Total volume : 1 c.c. at the resolution Total volume : 1 c.c.
1/16 c.c. or more?

With fine resolution l With coarse resolution
of 116 c.c. | > of 1/4 c.c.

AN 7 , " Sua> " \ Sl repeat

: 2 o @

=> —> X4 = [:> > oo

(1116cc)  2scales residue  (12/16cc) 3 scales
(2/4 c.c.) (3/16 c.c.) (3/4 c.c)

Result : (2/4) c.c. + (3/4) c.c. / 4 = (11/16) c.c. (at the resolution 1/16 c.c.)

Bl 2-6  H3 VA e BRI

B HZ L SFERk R AR BN HT R 2ER SRR P H T

ERAFPROE S R 2ERDYAE -

] ﬁ%z;xg_}g,j\& /ﬁk,ir.@;,q;g? WREW? Gk E o § REFIRTLER
THAENER YR EF - BAUA -
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B 33 Rk 3 A2 R EF AT WA DB R 6T SR

Ik

-

Wy 4B AT ARS AR EBRHIDERED RA S B OERA

GHTIE - BHBBAEATERLE o

ﬁ23{;&%%ﬁﬁ“&&ﬁﬁ%ﬁ#ﬁﬁﬁ—&%ﬂﬁ%%%%xﬁ%
WOR12] ) - BE RS R EREREREOF - b TR ERE
(Sub_ADC) ~ & #iciz gt &4 £ (Sub_DAC) ~ ;2 ® (Subtraction -z & 3«
® (Residue Amplifien » & F #ci 5t i B 2 Bfom @< BV L B

T % T & (Switch Capacitor Circuit SC Circuit) % & » % Multiplying DAC
(MDAC) > FlA B M T X728 2 4 4% (Sample and Hold S/H) ¢ i

P FIPTRIR TG AT FEL - BERREETR -

Digital Error Correction

A
D;-bit T D,-bit T Dy-bit
. A\ 1 Vres, 1 Vres,Z Vres,N- 1
Vin | S/H —»| Stagel [—® Stage2 |—»-+-—» StageN
— ~
— >~
— ~
— - ™~ ~ Vres,l
A eg. D=2
MDAC Vres,l
Vi —— T Ga >—»
Sub_ ADC f—— Sub_DAC
l » V,
D;-bit

Bl 27 - S e gk B R

Sub_ADCrfe # 28 1 L $3u e vs 1345 & o4k > 7 93] - M~ Boehiic
=30 5% Di-bit » £ 15 Sub_DAC:E R w & v 3 5L18 &7 o R3UgLApiE » 4ol o 3 2

e (% > b AR R 18 AL EL PR 3 Sub_ADCHY g 0 B (8 KA R 18 S BLAT R
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AEA ERA2D B WHMBL (BT T - BE AT EH I KR DA
17¢ T ouAriE R Bk Bend A R o R (Linearity ) -8 82 SRR vy R
b 4 “ MDAC i ¥ 4 * it ;¢ (Close-Loop) 7 1 1% 3 & &1 3 boif
P AP Ak &% o e Close-Loop#k A sE® Pt x BF o w R LR - B

#B’gr—gfgﬁ&,ifgim%{%%’ﬂtbé,axé ~/ﬂ%_—hﬁ‘*\mm| aﬁ_:}: L'E_;‘_t’ j&—ga‘ﬁ—

=

Baw g5t o e g 58 (Open-Loop) 7 HehZ B iFidm2 3ip o
actual actual
— —— ideal — —— ideal
Vres Vres
A 00 01 10 11 A 00 01 10 11
Vref -———— ettt Mianienandiay Vref ———— —— — - — — — — ey (|
I I A 1 1 I
I I I I I
I I I I I
I I I I I
I I I I I
I I I | I
I I I I I
I I I I I
0 ! ! : —» Vin 0 —» Vin
I I I | I
I I I I I
I I | I I
I I I I I
I I I I I
I I I I I
I I I | I
1/ | V y y |
-Vref F———4f————- = ! Vief ff—~=—-f-——--fFp-——-f-—---
-Vref  -1/2Vref 0 1/2Vref Vref -Vref  -1/2Vref 0 1/2Vref Vref
(a) Comparator offset (b) Gain error

B 28 (@F#REAZGHEL (D EBALHEEL

t [B] 2-7 &2 f#c’ B3 - B#c42 ¢ (Digital Error Correctionr DEC) ©
By AAS > 3&73 DEC R FIEAFZ RROFR Y I3 § AP R GehEATE
B Y ¥ o oy AR Bk R - iy AELF FEZ N E AR
o e % Sub _ADC*® it 2 ® (Comparato) A # #5324 (Offset Erron) &
U F A 2 A 4 (Gain Erron 5 > 4o 2-8 #177 » R &30 5L /j*a -

_.‘&z’v”:ﬁi&lhgmﬁ#&—iﬁg@&%?ﬁ%»;n%ﬁ%[ﬁ]ivref v AT R R R E s
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S R L A L)Y AV T AV L
LT 88T TR KPR EERY Ry 3 k4
LD N F R e e B A A KT E R S gEG R
11 2-bit/stages b (A & R 5 B P wF R ) R AF B R3%F {00,01,10,11} e B >
Benfein by By o R 1 A O SUE IR £17{00,01,10} = i i e i )
S AR T e 8 F - sk i 1-bit fhj sk FR S 1.5-bit/stage
e (A RLEH Y TR 4ol 2-9 9757 [13] -

00 00 01 01 10 10 Uncorrected codes
Vres 1o 41 +0 +1 +0  +1 Correction bit

¢ A 00 01 01 10 10 11 Corrected codes
1/2Vref Stage 1 00
Stage2 10
’ i Stage 3 01
Vet Stage 4 00
Stage 5 11
V”fv f : 010111

Bl 2-9 1.5-bit/stages # & R % Heiv 45512 0

" H g i 4o 1.5-bit/staged. B % H4r B 2-10 #7577 [14] 0 g Cifr G %
Fe PR ~ LB I B4R @ R Crdt & w $2(Feedback) T % € 7 R i 93 Sub_ADC

f2 1, e0{00,01,10}= B = 8 & w7 ¥ - R 3 +V _ & £ =% (Common

ref

mode) > #:E# G = GRI#EF &84T

2V, -V, ,Sub_ADG( I
,Sub_ADE( P

2V, +V,  ,Sub_ADG( 0p

ref
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|
|
A C,
| | _
|
Ga — Vies
\V4 & 4 +
+Vref _} —
4 2 MUX 1 [
8 —_ —
'Vre
4 d _y +Vref 0 'Vref

Bl 2-10 » B M % 7 TR F A2 1.5-bit/stager 7 1§
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Y= % Efm® P ik Pipdined

ADC = }]?c i 5

3.1 [BorisMurmann, JSSC 2003]

B [15]% H Ap B i 2 [16] 7% * B oiw BN A B < BH IR - B 12-bit
75SMSample/sz. ¥ sS4 B i E o B 2 Ve R 3-1 0 4ok i A TR
I %#P s BhiE o 4o (34 3.1) PIP#-F fed A B ek B2 PR 40 B7

FI#* F Szt e (Dp) (3% 3.2) i At B2 = [F 220 ¥4 o

H=q’%=?é (3.1

[T od T3 pos| D8
e(D,)0D,-2 IC)300 3+3co§ NE (3.2)

G.(x) = a(x)+as(x)’

Vini Backend |

Stage

ub_ADCH Logic

LSB j
MODE = R-T

Dout -

Bl 3-1 Boris Murmanmnyt# 412 % ¢ 3 3\
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HF53 4 Feh 2 £ 4 Sub_DAC# #44r » — 315 MODE=R* LSB/2: #
¢ R %4435 (Random SequencgsRO{-1+1} # R={-1+1}2,= = &%
foengd A 0 A hoB] 3-247 o R F AR Nk B Ao AN F L T
TR R SR AR 3-30 BT R BB O SNEERLE A B B

g AEUH A TR

1 2 3 16
TV Rer % (2 / -
A | — MODE=0
2 v rd ’
> ¢ /,0 . ’xn S MODE=1
U b (3(3
V rer Vi = +V Rer

Bl 3-2° - # MODE ™ g # & 4

g \

ﬁmﬂ ﬂfﬁ

Vinl I

o
(3]
\\g- - es e

Bl 3-3 MEfrZlasUpPH E AT S BB g

RIEE R 8 REEH hyp 0 N E A% R f 4 F Sk (Cumulative Distribution
Function »CDF) it » » 34 ® (Counten £ ip] &7l %y » 87 Dp cna # I

A0 FlE REMEWATATIE NP R EF AR TOTT RTES Y SRR -
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Sk §o- B cE s R=-1 P S ¥ MehCDF> @ & R=+1 3 I E 53

BB R=-1a3 E BRI RERNTEFINMEFLE > B 34

AD,
-
p=50% -7t
---- > s £ [po0sse CH(r)
PR
RNG H ’ closest
! match :> H,
\J
— q CH(q)
p=50% n/2 n
v - Vinl

Bl 3-4 P EEEPIEIHEFLOTR

=

fe gt 2 e BN G AR BL L PR 4 R A e R L RRA
P UG TR AR AP EL Sl ER L F LR
AL ® Do TAXR PF ORI F R KBRS PE BRI S HEFFLTA L

- R F R A e

3.2 [John P. Keane, TCSI 2005]

| 1
X(1) R
—:—/ , ADBE
TTTomenes | Dgp
SHA ADSC
- Correqtmn
Logic

B 35 B S BT s
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Bl 3-6 WU ot BE s e $onire

P EREHC[LT7] # - BECIFE T ,fﬁd B R e o ¢ 4 i
P B B e PR F AL o B 35 N g B en

H s 2FfpHCe i 4B 3-6 © % Backend Stagé T ® ¥ ADBE) : L ERFF 7 !

D=y,(1+e, ) D e (3.3)

]
oo =M”
7~ em_

m

O
M Cm s pime @ m=1/G) ALy g, =0mY @
zljifllf(gﬁg?lﬂz D=y, &7 &0 mrrg 4+ Sub DAC( *r®* DASC) mﬁh > D
4o - BEENELRO{-1+1}# D,=D:+RAD, » # ¢ Di1=(1/2)(D,+D, )

=(1/2)|D, - D,| » (Dys > DA 6 % % 31 » Dy cibE st 5 +1 £-1) %D,
1 1

fr (£33) 7@
D=y, (l+g, > Dg-RDg

% % z=D-DiR| E[Rz]=-AD, e, 7 E @M s LiFne, » L5 (5

3.4) i FE R mmljl*”Tml TIFRRIT L 3 5 2 U F IR A e
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m (k] =m[k-1]+4R[k-1]z[k-1]  (3.4)

by(.)

71 _I »( ADBE

)

BE

'

D=y, (1+e, ) D e+ m(b- b)B  (35)

H ¥ Dge =G(Y,~ D,)-b,Dge » bl LRSI RSN A e SRR

B EBR DL =Gy, D, F » (F 7 MM F A H]) PF(NB5)T AT S

D=~y (146, D e+ m G (b- b )(y D°

F # %= Sub_DAC mﬁi%J » Dy ¥ 4e o~ - B RE S0 RO{-1+1}

D,=D:+RAD, ¥ % % z= D- D 8] :

z=Y(1+ g ¥ ¥ g+ 3V P’)e R,De RB(,B)e R3 Dy
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— O O
A9 Y=(%-D) > g=Gm(h-b ¥ H Rzfr Y h & % £ &
(Covariance » 4 4 47 :

K ., =E[(Rz)Y? ]- E[Rz]E[Y ]

== 3% I? I$2Y2

(Rz)¥

Koy % 77 Y2 % & fic (Variance) P d b i % 7 @ 2L 3 £ 304 T3
& » it Y= (Y%= Du)Sl My, MR ALK f TR T W B R R
AD=y, (£ FRPAr2pBH FF L4 ] ) B e § Rzfe 22 ehs $ 2 3k

Ko, @3By frie Se2F XMoo aLgim; 47 REEAREN F2L

(R2)2 —

e o AT AT

K ,=E[(Rz)? ]- E[Rz]E[Z ]

= 3E[(Rz)Y } E[Rz]E[Y

(Rz)?Z

7 % B=E[(Rz)Z ]- 3E[Rz]E[Z ]&]

B=3E[(Rz)Y¥ |- 3E[RZ]E[Y |=- 9¢A DK, , 7 fE #2813 £ L T3 g 4

BRI ES e F e

-

O
AU R F L AT 58 (50 3.6) RIERIED wiTh i

S E A

b(n+1]=b[n] +4B.n] (36
H ¥ Best:IDE[Rz3 ]—3DE[RZ]TE[i ] ’(E[x] _ 1 Nz“*:x[k] s N & 2 & Bt
est k=1

O

Fl- wBB SR L4 b )o
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FAE O VBRI E AL W R 2 R g R M (K, )0 B

éﬁ»?#mﬂﬁﬁ’ﬂﬁwm'%g&aﬂ%@%ﬁﬁo

3.3 [Hung-Chih Liu, JSSC 2005]

R [18]% H p < [19.20)9 74 0 ® B Nkl 2k 0 HaEiE A ¥ E R
ﬁﬁﬁﬁ%%&&ﬁ EERDE oA REH Y LR F A T A (Capacitor

Mismatch) £27% E ek B3 " UF @ B3 F i & a5 4 o

V; V;
j j+1
n %:> .| ADC
Gj
N
sub sub Vfa(Dp i
ADC DAC
D;
Dj
& 3-8 %%?? URpl e e B s T;&ﬂ
“Vi+1
+Vr- ..............................................

c a o ____.

j1----
R; (+1) ---_Rj2

0 -Rj(0) Rz____
-y . Rja

d b
-V } } } } —Vj
0

~0.75V, -0.25V, +0.25V, +0.75V,

Bl 3-9 ¥@ipviitEgig BRI AES R
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Bl 3-8 AL s e B w4 H - ADCZ % j =2 o Backend
O
Stage: % it & AR e RIT r f 42 G foVP(D) 0 T H | ming
FAUREAE RS FFOUFRER F TS PR F A A R39S H
B0 LB W R FEREE | BRI PR ERNZEES S SO R
(4r® 3-9¢ abpedt{r cd shpedt ) I 5 d Backend Stagéci= it {5 £ &5 i #ici>

3 N ¢ oeds (F oo

% i ¢ % Sub_DACHj » D> &z Sub_ADCH# ! 5 D) frip 5 1 f i 3 o
B

T

NiEzZ BT L RRIESY R R R G4 &g V) ] 20-0.25V Een
Sub_ADCj# # hffe =5 1 Dy 4 <13 § V) %“-0.25\/r§i?+0.25\/ri%*B?ﬁvﬁs;fiﬁa?]:".
205 @ V)= +0.25V, pFendic iy 0 Dy A 410 B F Dy 2 #730-15 0 2 F pr s

P i LRI R 3-9 ¢ od PREAE > @ f Bl 1 Dy 7 85 0 +1 2 de
A E R E R 3-9 ¢ abapEd (T R(+1)-R(Q)) > F 7 ipdt T is ¥ % ADC

TR s I o

2
| Ct
L
Vi - :/o—

0—01/ Cs,1 ‘
I_.

I—li
Encoder Ve xq _./2
e 0
1
¢ L« Cs,N
D; 2 I—
: Ve xDj —o"

B 3-105 R e e 2 Bz £8-Cs(Samplez 2 ) = NEH» % @
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B Co- g4t VoD, L ? - B CyPlagsit Vg g 5 s

qO0{-1,0+1}- 5§ & 2R3 & abpF q ¢ &{+1,0}z2 Fptd ; @ £ £ RB & cdp q

i

Pl ¢ 2{-1,0}2 Bprd > S FHERH 3-11 a0 Nk e F ok (v BT

Bk o
q q
Vi Vv D, D
I_,| Stage | | 2-ADC (X LPF y
J
;F Dj | Y
Calibration Processing and Qutput Correction <> Dg

B 3-11 2@EH Y A3 Rl =% B K2

HEP2 540 Vi 536 2-ADC 3 5 ety 1) D2 (68 & g'dp 0 i

N

BT tachds (v (TEY 2 LPF) (S TR @MY RE A2 L > BBt b

IR TEY BT 2ZHIFELET) ‘f%ﬁmﬁﬁlﬂ D

FPEFRPRE S FREZHM I ARPH I I EARE 0 FHF

NS

B AL E A P A S 2o ] 394 2R A LS § L $ ADC
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Bl 5-7 Opampi & Corner™ post-simulationfic#t & %
# 5-1 Opampi & Corner™ #ic#t. % % By %
TT SS FF SF FS
Open-Loop Gain| 73.3dB 73.1dB 69.1 dB 71.3dB 70.7 dH
Phase Margin 61.7° 61.5° 62.1° 61.0° 62.7°
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% 5-2% SIHT # %5 ® Corner: TT ~ FF~ SS~ FS~ SF T afi-f #icdy

% 5-2 S/H#%E & Corner™ fikt s % #idy %

pre-simulation post-simulation
Coner SFDR(dBc) SNR(dB) SNDR(dB) | ENOB(bits) ENOB(bits)
TT 74.6 80.9 72.8 11.8 11.4
FF 71.3 79.7 71.6 11.6 11.3
SS 65.6 77.4 69.2 11.2 11.1
FS 69.8 79.3 71.1 11.5 11.3
SF 67.3 77.9 69.8 11.3 10.9

5.3 Under Calibration Stage T # 7 #

Under Calibration Stageé i 7% e  8ib § 1 F R ehfn & 4o Bl 5-1 4777 » 1T 4
&8 A % Sub_ ADC# E: ~ Dynamic Element Matchingk it~ Pseudo-random Number

Generatorg, i f- Multiplying DAC % . »

531 Sub ADC g

Sub_ADC i - i 4-bit flash ADC H g ¢2 7 4 {- Backend Stage 6-bit flash
ADC #p i » & %] 4-bit flash ADC ¢ * gt i R #cp H >+t 6-bit flash ADC> #7121 7
#p *b & * Interpolatingsr$c 3 - — 4k — i 6-bit e flash ADC I > Z & * 7] 63 B +*

PUE S RUERCD X 5 @ AE R B F ARG R PLRCL A @
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Interpolatingshk 57 » :¥-km 4-bit {- 6-bit flash ADCHq &2 F -0 § 54 &
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% 53 % Sub_ADC% 5 i Corner: TT ~ FF~ SS~ FS~ SF it #icdh -

# 5-3 Sub_ADC#% & Corner™ ikt % ¥y %

pre-simulation post-simulation
Coner SFDR(dBc) SNR(dB) SNDR(dB) | ENOB(bits) ENOB(bits)
TT 36.5 27.2 25.5 4.0 3.8
FF 334 26.5 24.6 3.8 3.9
SS 26.8 24.4 22.3 3.4 3.6
FS 31.3 26.2 24.1 3.7 3.8
SF 28.5 24.8 22.8 3.5 3.7

5.3.3 Dynamic Element Matching (DEM )5

-

5 kit A G A e B 0 2 RS E A 0 e s
MDAC s 2 3u s { Ny, NG 7 1 HBE IS ol M 5 N, = N9/ o g

TR Y ¥R MDAC L BPMEFLE Y DTG AL o T AP

g
Cali~ Selectir R = B3 g 4w =g AVB-~C~D > kizdle BT 7 7
PR T A B REES VB VoA A 2 st s, 2 ¢ Calis Select

e RA B4
B Cali: & /259 it
B Select: #ij » 2 SR U Nyy & N,
B R:sg#as{-1,+1}
A ASB-C-DA% 5 (£5153):
A= B= R+ Cali (5.1)

C = Calix(R+ Select (5.2)
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D =CalixRx Selec (5.3)
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Bl 5-12 Dynamic Element Matching (DEM)#+

5.3.4 Pseudo-random Number Generator (PNG) 7 #
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B 5-25~5-26 4 4| 5. Backend Stag& & pre-simulationf- post-simulations#g

Ho478 % o £ 5405 5 Corner: TT-3-FF > §S~ FS~ SF™ ez #icdy. ©

# 5-4 Backend Stagé % CornerT™ fi#t % % #ichy %

pre-simulation post-simulation
Coner SFDR(dBc) SNR(dB) SNDR(dB) | ENOB(bits) ENOB(bits)
TT 51.0 38.1 37.3 5.9 5.6
FF 47.8 37.5 36.7 5.8 55
SS 41.2 35.1 34.3 5.4 5.3
FS 45.6 36.9 36.1 5.7 5.4
SF 43.4 35.8 34.9 5.5 5.4
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# 555 FHMTE &5 Corner: TT ~ FF~ SS~ FS~ SF™ i ficdy > 2 &

I {4 behaviors g 2 & o

# 5-5 FRTE & Corner™ HiHts & iy

Without cal. pre-simulation/ post-simulation With cal.
simulation
Coner SFDR(dBc) SNR(dB) SNDR(dB)| ENOB(bits) ENOB(bits)
TT 35.5 33.1 29.9 4.714.6
FF 32.4 31.6 29.4 46/4.6
Ss 24.8 28.4 26.8 4.3/4.2 11'5.
(behavior)
FS 29.7 30.5 28.6 45/4.4
SF 27.5 29.6 27.9 44144
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Power Spectral Density (dBFS/bin)

Power Spectrum
0 ‘

32768 points FFT

Fi= 1MHz Fs= 10MHz |
20} SFDR = 37.7dBc 4
SNR = 28.0dB
207 SNDR = 26.6dB ]

ENOB =} 4.1bits

10+

0 0.5 1 .5 2 2.5 3 35 4 4.5 5
Frequency(MHz)

B . 6-13 & Rlfe i #4734 1745 %

Power-Spectrum
0 \

32768 points FFT

10r Fi= 1MHz, Fs= 10MHz |

20l SFDR = 45.4dBc ]
SNR = 36.1dB

07 SNDR = 33.7dB 1

a0/ ENOB = 5.3bits ]

0 0.5 1 15 2 25 3 3.5 4 4.5 5
Frequency(MHz)

B 6-14 ERIfalr (s H L T8 %

82



6.4 EREBHFLAT

MR RIF RTS8k % - %P =39~ FR=-077¢ % - %P =7.26 -
=-042%> 7 R jpw A Bt B fez iR FELE > T (54 6.1)
fr (74 6.2) Fru AL Ed Matlab sk ® - X T2 b 45 F & w4
Hoo 7tk B k7 & v ENOB=10.6 bits 4@ 6-15#77% > d 7 k3% F
Huw Fz 08 GRRE fFhg % > &n FREESSFARLE > 4 & f FE
fi-#t Backend Stages ff 3k 5 — 3L 2 6-bit ADC- 82 2% T g 14 6-bit flash ADC¥
PR HEPFE R 5.9 bits &£ R 4-4 2 KR e v 3 R Backend ADCi iE
Calibrationshm &3t (4 4.3) R EF=ZFF2RPHFFL 2 REAF » 7 F G030

e[Dpiy] = — a8 > Flpt F Backend ADCz 7 Offsetp i ¥ it i = o — Bif

R ¥ plod acss 38, %] 24 P ikt Backend Stagék ~ 8LSB 1 Offset p%
R ST ar s % 4o B 6-16~ 6-17 6-18~6-19%5 7 » ¥ % i £ #c i A Joé
IPREEYEALAE L e AT S, TS H I o B 6-20 975 o
Power Spectrum
O T T T T T

= 4096 points FFT

3 Fi=1MHz ,Fs=10MHz |

x SFDR =93.7dBc

Q SNR =65.7dB

> SNDR = 65.6B I

2 ENOB = 10.6bits

L o §

()]

I

8 80F y

o

09}

q;) -100

(@]

o

-120
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Frequency(MHz)
Bl 6-15 Matlabtifg £ Rz 3F 2 2 1L S L 115 %

83



2nd P1 Convergence
8 T T T T

7.6 8
7.4+ B

] N S S S S —— 1

Estimated P1 value

10 15 26 25 30 35
Cycles (x106)

6.6
0

o -

B 6-16 7 3 4 %4 pF Matlabdickt % = s fer 43 P jtacd %

2nd P3 Convergence
O T T T T

0.1+ 4

0.2+ -

0.4 4

Estimate P3 value

0.5+ -

-0.6 - 4

-0.7

0 5 10 15 20 25 30 35
Cycles (x106)

B 6-17 7 7 h# 4P Matlab i % = s fer 28 Pyjacs %

84



7.61

7.4+

Estimated P1 value

1st P1 Convergence

6.6
0

o -

10 15 20

Cycles (x106)

25

30 35

B 6-18 7 3 4 %4 pF Matlabdickt % = s fer 43 P jtac s %

0 \

1st P3 Convergence

0.1+

0.2+

0.4k

Estimate P3 value

0.5+

-0.6 -

-0.7

B 6-19 7 7 mA:E4LPpF Matlab 3 % - &4

L
0 5 10 15 20

Cycles (x106)

85

30 35

8 Py fcaris &



Power Spectral Density (dBFS/bin)

Power Spectrum

-10+

20+

-30+

40k

50

-60 |

70+

4096 points FFT
Fi=1MHz , Fs = 10MHz
SFDR =54.5dBc

SNR =38.9dB

SNDR = 38.5dB

ENOB = 6.1bits 1

® 6-20

A A

¢ 7

1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency(MHz)

AL P Matlabficf e &t (483 & 4758 %

86



SRR LRSS Y

M Fypmfp g e L2 PP AR > o B PR
EMHFPRE TR ERERE VR AR AR AT F
BT & B E R R B F 2 3 s et [39.40) B A v &

- BFEFECFIAREPERE Y B RS A E R B2 N i (A
Digitally Background Calibrated Pipelined ADC Using Open-Loop Residue
Amplifiers) M L Gk iTAB# - BEITA Y L MH F Lo RS
7 R m DNL=0.5/-1.0LSB~ INL=16.7/-16.7LSB # & i {¢ DNL=0.8/-1.0LSB~
INL=0.6/-0.6LSB ¥ & {¥ =« ty:z il > f35 f¥ecn& R+ &k » SFDR=54.1dBc
SNR=46.2dB~ SNDR=44.4dB~ ENOB=7.1 bits>m & & {$ » ¥ * tg 3 =2 I
SFDR=94.5dBc SNR=71.0dB- SNDR=71.0dB* ENOB=11.5 bits # 7% & 7 > #ci~
7 3.0 Estimation{r Calibration® k&gt ADC # i 42 5 71.2mW> @ T B F R
PR S 7 0.18um Mixed-Mode RF CMOSH A7 & 48 F - B #ci=4 B &k
Ao RATHEL D AR BN et Bk S B R
( A 12-bits 100MS/s Digitally Background Calibrated plined ADC using
Open-Loop Residue Amplifier 8275 § 52§ e RIS % BT R B4l A% 2 2
HooREEREERgAALETSELR DR AR A AR LRSS 8

202 4 nipd s 24 A T-19w o

87



% 7-1 Benchmark of the ADC
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